Introduction
Pyrolysis oil (i.e., bio-oil) can be produced by fast pyrolysis of biomass. Fast pyrolysis is a thermal oxygen-limited conversion involving a rapid heating (more than 1000 o C/s) of biomass at moderate temperatures of 400-600 o C in short time periods of 1-5 s, producing condensable vapors, gases, and biochar. During a cooling process, the vapor compounds are subsequently condensed to form a liquid mixture also known as "bio-oil". It has been reported that the liquid yields can be as high as 70-75 wt.% (incl. water) for wood. The bio-oil has some advantages over parent biomass including its higher energy density, favourable storage and transportation properties, and a relatively clean and homogeneous feedstock. Bio-oil has been used successfully for different applications such as gasifier feedstock, for use in diesel engines, and for cofeeding in boilers (Sturzl, 1997; Henrich et al., 2007 ; Van de Beld et al., 2013) . Extensive reviews on the research conducted, technologies developed, and the application of biomass fast pyrolysis have been published previously Czernik and Bridgwater, 2004; Bridgwater, 2012; Jahirul et al., 2012) .
Despite the advantages mentioned above, bio-oil is also characterized as acidic, corrosive, thermally unstable, polar, and highly oxygenated (Katikaneni et al., 1995; Bridgwater and Peacocke, 2000; Bridgwater, 2003; Yaman, 2004) . In addition to those, bio-oil is also associated with more critical drawbacks including, its low heating value which is approximately 40-50% lower than that of fuel oil, its high viscosity, its substantial solids content, and its high water content of 25-30 wt.%. This water cannot be readily separated, making bio-oil immiscible with conventional fuels (Bridgwater, 2003) . Therefore, the bio-oil produced with conventional technologies is not suitable for direct use as a transportation fuel or as a fuel additive (Bridgwater, 2012) . The oxygen content of bio-oil ranges from 30-55 wt.% depending upon the parent biomass (Czernik and Bridgwater, 2004) . The oxygenated compounds in bio-oil, originating mainly from the principal constituents of biomass (i.e., cellulose, hemicellulose, and lignin), have major contribution to most of its deleterious properties.
As an example, Table 1 compares the different properties of the bio-oil generated through wood pyrolysis and heavy fuel oil. As shown, the generate bio-oil has a comparatively higher oxygen content and lower H/C ratio (Oasmaa and Czernik, 1999) . High acidity is also one of the most problematic properties of bio-oil in general and for fuel applications in particular as it leads to the corrosion of materials involved. Acetic acid is the main organic acid present in bio-oil in large quantities (at concentrations of ~5 wt.%) followed by formic acids (~3 wt.%) (Piskorz et al., 1988) . In fact, these acidic and carbonyl compounds present in bio-oil are responsible for both its low pH value and low calorific value. Another crucial problematic property of bio-oil is its thermal or storage stability, influencing the viscosity and molecular weight of bio-oil over time. It should be noted that viscosity is an essential issue especially for applications where pumping and injecting of bio-oil are involved. Carbonyl compounds such as aldehydes and ketones play a key role in the aging reactions because these reactive oxygenates tend to repolymerize into oligomers over time leading to chemical instability of bio-oil. Moreover, viscosity of bio-oil correlates with its molecular weight, hence, large concentrations of heavy components (molecular weight > 1000 g/mol) are responsible for the instability and high viscosity of bio-oil and can subsequently cause many problems in Table 1 . Typical properties of wood pyrolysis bio-oil and heavy fuel oil (Oasmaa and Czernik, 1999 Oasmaa and Kuoppala, 2003) . Most of these heavy components are lignin derivatives (Bridgwater, 1994) . In this regard, the viscosity and stability of bio-oil can be improved by cracking these large molecules into favorable lower molecular weight compounds. Overall, in order to improve the quality of bio-oil, the oxygenated compounds and the lignin-derived large molecules need to be removed or reformed into components that are more useful. There are several options for upgrading and improving bio-oil quality. One method is the conversion of biomass into bio-oil and then, upgrading the bio-oil over a catalyst, for example via hydrodeoxygenation (HDO) and zeolite cracking. Post pyrolysis catalytic upgrading of bio-oil, also known as ex-situ process, has been extensively reviewed (Maggi and Delmon, 1994; Elliott, 2007 ; Mortensen et al., 2011) but has not been found very promising. More specifically, catalytic after-treatment process suffers from fast deactivation of the catalyst caused by coking and poor yield of hydrocarbons due to bypassing of the larger molecular species contained in bio-oil (Oasmaa and Kuoppala, 2003) . Comparatively, although HDO appears to hold higher potentials against zeolite cracking, but there exist several concerns associated with this approach, which should be addressed before its commercialization. Those include development of more efficient catalysts and providing more sustainable sources of hydrogen.
Another approach to upgrade bio-oil would be the in-situ catalytic pyrolysis involving on-site treatment of pyrolysis vapours prior to the condensation step. The in-situ and ex-situ processes are presented in Figure  1 . The in-situ catalytic pyrolysis is capable of inducing the cracking reactions to break down the heavy molecules present in the pyrolysis products leading to the formation of lighter and less viscous bio-oils containing a larger proportion of high-value compounds such as hydrocarbons and phenols.
In-situ catalytic treatment of bio-oil vapours could be carried out in the same pyrolysis reactor, e.g., a fluidized bed reactor while the ex-situ route can be performed at the downstream of the pyrolysis reactor in a separate reactor, e.g., a packed bed reactor system. Both options have the advantage of adopting the existing pyrolysis reactor systems; the former option requires lower capital investment and offers better technical benefits though. The performance of the catalysts used in different modes of pyrolysis, i.e., in-situ and ex-situ, and with respect to the scale of the experimental setup, i.e., analytical scale, bench scale, and pilot scale, are reviewed and discussed herein. 
Catalyst selection criteria for catalytic pyrolysis of biomass
A wide range of organic compounds is found in the bio-oil produced via fast pyrolysis of biomass. The identified compounds of organic phase are typically categorized into hydrocarbons, phenols, furans, acids, alcohols, aldehydes, esters, ketones, aromatics, polycyclic aromatic hydrocarbons (PAHs), and heavy compounds. In Table 2 , the chemical composition of the bio-oil derived from maple wood is tabulated in which the compounds are classified according to their chemical nature and identified as desired, undesired, and valuable compounds (Adjaye and Bakhshi, 1995). Hydrocarbons are a desirable fraction for fuel applications while compounds like phenol and its alkylated derivatives have high commercial values especially for resin or adhesive industry, making the process economically attractive. On the contrary, oxygen-containing compounds, such as acids and carbonyls as well as heavy compounds are considered as undesirable fractions. The reduction of acids is important to address the corrosiveness of the bio-oil while the reduction of carbonyls and heavy compounds is important to improve the stability and storage properties of the product. Reduction of PAHs is also desirable, since they are considered as persistent species that are hazardous to the health and the environment. Furans are considered valuable because of their fuel compatibility and high-energy value. In order to improve the quality of bio-oil as transportation fuel, development of promising catalysts producing more of the desirable and less of the undesirable fractions would be essential. The challenge in catalyst development is to design a deoxygenating catalyst capable of selectively removing problematic oxygenates present in bio-oil and thus, in one step improving the physical properties of bio-oil. Oxygen could be removed by different reactions, i.e., dehydration, decarbonylation, and decarboxylation leading to the generation of water, CO, and CO2, respectively. Selective removal of oxygen by decarboxylation of carboxylic acids (formic, acetic acids) could decrease the acidity of bio-oil while selective decarbonylation of organic fractions (aldehydes, unsaturated species, etc.) could contribute to improved stabilization of the oil. The best mode of deoxygenation of the vapors is determined through carrying out calorific value calculations considering the elemental formula (C6H8O4) of bio-oil (Fig. 2) . As shown, 75% deoxygenation via decarboxylation could improve the higher heating value (HHV) of bio-oil from 19.4 MJ/kg to 34.1 MJ/kg. It is evident from these calculations that the decarboxylation is the preferred route for deoxygenation in comparison with dehydration and decarbonylation as decarboxylation allows the retention of hydrogen in biooil, maximizes oxygen removal with minimal carbon loss, and thereby, increases heating value, decreases the aromatics formation, minimizes water content, and decreases hydrophilicity. Apart from unfavorable oxygenated compounds, bio-oil also contains large molecules derived from lignin. Appropriate catalysts should be able to selectively crack these compounds in the pyrolysis products. Since the heavy lignin derivatives also contain a high proportion of oxygen, reducing these compounds and simultaneously increasing hydrocarbons yields would decrease the oxygen content of bio-oil and increase its heating value. It should be noted that catalytic cracking is a well-known process in petroleum refineries and is used to break down the large and complex hydrocarbon molecules into smaller and simpler ones. The catalytic cracking of hydrocarbons is believed to be a chain reaction that follows the carbenium ion theory developed by Whitmore (1934) , and the mechanism includes three steps: initiation, propagation, and cracking (Watson et al., 1997) . In the cracking of hydrocarbons, the main reaction routes involve C-C bond scission (Wojciechowski and Corma, 1986 ) while in the case of biomass pyrolysis, the cleavage of C-OH bonds (dehydration) and C-CO(OH) bonds (decarbonylation or decarboxylation) also take place. Thus, a catalyst for biomass pyrolysis should be capable of simultaneously catalyzing several reactions including dehydration, decarboxylation, decarbonylation, (de)alkylation, cracking, isomerization, cyclization, oligomerization, and aromatization. Different types of catalysts have been studied for both in-situ and ex-situ catalytic pyrolysis of biomass, such as zeolites (ZSM-5, Y, Mordenite, and Beta), silica-alumina, activated alumina, mesoporous aluminosilicates, alkali metals, and alkaline earth metals. The specific catalytic function of various catalysts can alter product yields and selectivity, thus affecting the composition of bio-oil and its physical and chemical properties. For instance, Adjaye and Bakhshi (1995) proposed different reaction pathways for conversion of bio-oil in the presence of zeolite and silica-alumina catalysts (Fig. 3) . As presented, the zeolite-based catalysts tented to produce C2-C6 olefins, while the silicaalumina favored to generation of C2-C9 olefins in the resultant bio-oils.
In the subsequent sections, the application of zeolite-based catalysts, aluminosilicates, and alkaline compounds for catalytic pyrolysis of biomass are reviewed and discussed. Fig. 3 . Reaction pathway for conversion of bio-oil over (a) zeolite and (b) silica-alumina catalysts (TE: thermal effect; TCE: thermo-catalytic effect).
Microporous zeolites for catalytic pyrolysis of biomass

Catalytic pyrolysis of biomass model compound and biomass at analytical scale
Zeolites are typical catalysts used in the petroleum industry for upgrading low-octane components in the gasoline boiling range, as well as for isomerizing low-octane linear olefins to high-octane branched olefins (Sadeghbeigi, 2000) . The advantages of applying zeolites for biomass pyrolysis are attributed to their relatively low price and the knowledge gained over decades from their applications in chemical industries. Zeolites represent a well-defined class of crystalline aluminosilicate minerals whose three-dimensional structures are derived from coordination polyhedral of [SiO4] 4-and [AlO4] 5- (Bhatia, 1989) . The critical properties of zeolites are their structure, Si/Al ratio, particle size, and nature of the (exchanged) cation. These primary structure/composition factors influence its acidity, thermal stability, and overall catalytic activity. The acidic properties (Brønsted sites) of zeolites are dependent on the method of preparation, the form and the temperature of dehydration, and the Si/Al ratio. The structures of common zeolites are tabulated in Table 3 (Kirk-Othmer, 2007). Table 3 . Channel structures of common zeolites (Kirk-Othmer, 2007).
Zeolites
Channel structure
ZSM-5
3-Dimensional pore system; straight 10 member-ring 5.2 × 5. Among different zeolite-based catalysts, ZSM-5 is considered to be an effective catalyst for cracking, deoxygenation, and formation of aromatic hydrocarbons (Wojciechowski and Corma, 1986 Gayubo et al., 2004a) . ZSM-5 was initially developed for the conversion of methanol and light alcohols to gasoline in wellrecognized methanol-to-gasoline (MTG) process. Promising catalytic performance of ZSM-5 is due to its unique shape selectivity. Hoff et al. (2016) investigated the effect of the physicochemical properties of ZSM-5 catalyst on the yield of aromatic compounds produced by fast pyrolysis of cellulose. They found that aromatics formation was strongly dependent on the crystallinity and accessibility of framework aluminum sites.
It is worth mentioning that ZSM-5 has also been extensively studied for catalytic deoxygenation of oxygenated organic compounds (Chang and Hegedus, 1979; Dao et al., 1988) . For example, transformation of alcohols, phenols, aldehydes, ketones, and acids, as the prominent components of bio-oil, was investigated over an HZSM-5 zeolite by Gayubo et al. (2004a and b) and these model compounds were shown to be significantly different in terms of reactivity and coke formation. In the continuation of this work, Gayubo et al. (2005) treated a mixture of acetone, acetic acid, acetaldehyde, phenol, 2-butanol, and methanol over HZSM-5, and obtained a high proportion of olefins, butenes, propene, aromatics, and paraffins. While a mixture of oxygenates containing 2-methoxyphenol and furfural showed low reactivity in the presence of HZSM-5 which could be ascribed to the formation of carbonaceous residues on the catalyst. They also argued that, aldehydes, phenols, and furfural could undergo severe thermal degradation resulting in the formation of carbonaceous deposits on the catalyst, and consequently, an intense deactivation of the catalyst. Carlson et al. (2008 and ) also evaluated different zeolite-based catalysts in a pyroprobe analytical pyrolyzer. A diverse range of aromatics including benzene, toluene, xylenes, substituted benzenes, indanes, and naphthalene were produced through the catalytic pyrolysis of glucose, xylitol, cellobiose, and cellulose. The product selectivity was found dependent on both the pore size of the catalyst and the nature of the active sites. High heating rate and high catalyst loadings reportedly favored the production of aromatics over coke formation. Moreover, thermally stable oxygenates were formed at low catalyst-to-feed ratios. Overall, the authors concluded that the reaction conditions and catalyst properties were of utmost importance in maximizing the desired product selectivity. Samolada et al. (2000) studied the comparative performance of alumina and HZSM-5 in a packed bed catalyst reactor with a synthetic bio-oil. The results revealed that alumina led to a high liquid yield of low compositional quality. On the contrary, HZSM-5 completely converted the undesirable carbonyls to hydrocarbons (with benzene, toluene, methyl-substituted benzenes, and indenes being dominant) but with decreased organic liquid yields. French and Czernik (2010) conducted catalytic upgrading of cellulose, lignin, and wood pyrolysis vapors using modified commercial and laboratory-synthesized zeolite-based catalysts in a tubular quartz micro-reactor. Compared to larger pore sized zeolites, i.e., alumina and Y zeolite, metal-doped ZSM-5 showed high activity for converting oxygenated pyrolysis vapors to hydrocarbons, and all the primary pyrolysis products except water and carbon oxides were converted mostly to hydrocarbons and coke. Mullen and Boateng (2015) claimed increases in the production of aromatic hydrocarbons from cellulose, cellobiose, and lignin applying iron-modified HZSM-5 in a microscale pyrolysis reactor coupled with GC/MS. Fischer et al. (2015) also found a considerably larger amount of aromatic hydrocarbons formed by using ZSM-5 during the pyrolysis of spent coffee grounds in both a fixed bed reactor and a pyroprobe. This result could be ascribed to decarbonylation reactions as the increased formation of aromatics with ZSM-5 was accompanied by a slight increase in carbon oxide (Fischer et found ZSM-5 the most active catalyst for treatment of cassava rhizome biomass pyrolysis vapors in an analytical Py-GC/MS. In this experiment, ZSM-5 enhanced the formation of aromatic hydrocarbons and phenols, decreased the amounts of oxygenated ligninderived compounds, and reduced the formation of carbonyl compounds. They linked aromatic production of ZSM-5 to its acidity together with its shape selectivity. However, as a side-effect of ZSM-5 catalyst, acetic acid was increasingly formed that could lower the pH value of the liquid. Engtrakul et al. (2016) also argued that the acidity of ZSM-5 had a strong influence on the selectivity of aromatic products during the upgrading of pine pyrolysis vapors in a micro-furnace pyrolyzer. Increasing the acidity of zeolite resulted in a reduction of alkylated aromatics, and increments in the formation of unsubstituted and polycyclic compounds. This phenomenon was attributed to the changes in the rate of cyclization and alkylation reaction.
On different aspects of ZSM-5 application, Thangalazhy-Gopakumar et al. (2012) and Lisa et al. (2012) reported increases in liquid hydrocarbons yields by increasing the ZSM-5 loading in an analytical pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS) reactor. In addition to that, it should be noted that the preparation method used for zeolite-based catalysts could also play a key role in the properties of the resultant catalyst. For instance, the mesoporous ZSM-5 prepared by desilication (treatment with NaOH) showed increased aromatic yields in catalytic pyrolysis of beech wood compared with the parent ZSM-5 (Li et al., 2014b).
In-situ catalytic pyrolysis of biomass at bench/pilot scale
Several researchers have studied different zeolite catalysts for in-situ catalytic biomass pyrolysis in bench scale experimental setups. Table 4 summarizes the influence of selected catalysts on product distribution of biomass pyrolysis. Despite the differences in biomass type and other operational parameters, the results obtained in these studies are remarkably consistent. For example, all of these investigations have confirmed that zeolite catalysts reduced the organic liquid yield compared to non-catalytic experiments, while water and gas yields were increased in general. Moreover, the majority of these studies have argued that coke formation was as a major deoxygenation route. For instance, Nyguyn et al. (2013) reported that the coke deposited on the catalyst had a high oxygen content of up to 41.5 wt.%. Overall, there is a consensus in the results and the slight differences could be attributed to differences in catalyst/vapor contact associated with the different reactor types, type of biomass fed, catalyst-tobiomass ratio, and the other operational parameters, e.g., reactor temperature and vapor gas flow rate, etc.
As the characteristics of boil-oil, especially yield of oxygenated components and chemical composition of bio-oil, are of main interest for fuel application as well as for handling and storage properties, many researchers have described the effect of zeolite catalysts on bio-oil chemical composition in detail. A summary of the effects of zeolite on bio-oil chemical composition as reported in selected studies is presented in Figure  4 . Aho et al. (2008) found that zeolite structure significantly affected the chemical composition of pine wood pyrolysis liquid using acidic zeolite catalysts, proton forms of Beta, Y, ZSM-5, and Mordenite in a fluidized bed reactor. Among the zeolite-based catalysts used, ZSM-5 produced the Table 4 . Summary of the effects of zeolites on biomass pyrolysis products yields during in-situ catalytic pyrolysis. + and -signs indicate increase and decrease in yield, respectively, n/e indicates no or minimum effect, and blank columns indicate that no results were reported. highest amount of bio-oil comparatively. Moreover, it decreased the formation of acids while increased the formation of PAHs and ketones. All the zeolites investigated showed good regeneration behavior without changing the initial structures. Jae et al. (2014) also showed that ZSM-5 was very stable through repeated reaction/regeneration cycles in a fluidized bed reactor and that high amount of aromatics was achieved. Yildiz et al. (2014) argued that, after successive regenerations, ZSM-5 retained sufficient activity in producing the target chemical components during the catalytic pyrolysis of pine wood in a benchscale auger reactor. They reported that fresh ZSM-5 formed aromatics, completely converted aldehydes and sugars, and reduced acids and ketones. In a more recent work, Yildiz et al. (2016) studied the catalytic pyrolysis of pine wood with various metal-doped ZSM-5 and γ-alumina in the same bench-scale auger reactor. All the catalysts enhanced water and coke formation at the expense of bio-oil yield. However, some of the catalysts remarkably improved the quality of bio-oil; especially the acidity of bio-oil was significantly decreased with increased deoxygenation. The lower redox-metal-containing acidic catalyst and freshly-calcined metal-doped basic catalysts showed the best performances. Paasikallio et al. (2013) also reported that more aromatics compounds and fewer sugar compounds were obtained in bio-oil through the catalytic fast pyrolysis of forest thinning in a bench-scale bubbling fluidized bed reactor, and that bio-oil had considerably lower oxygen contents. Similarly using a benchscale bubbling fluidized bed reactor, Mante et al. (2014) examined ZSM-5 as a co-catalyst to Y-zeolite-based fluid cracking catalyst (FCC) for catalytic pyrolysis of hybrid poplar. They observed that the addition of ZSM-5 to the FCC increased organic liquid fraction and decreased coke/char and gas yields, while it enhanced the formation of aromatic compounds and decreased aliphatic hydrocarbons. Lappas et al. (2002) compared FCC and a ZSM-5 based FCC (zeolite content: 10 wt.%) for catalytic fast pyrolysis of lignocellulosic biomass in a pilot scale circulating fluid bed reactor unit with continuous solids regeneration. Both catalysts reduced the oxygenated compounds and increased the hydrocarbons in the bio-oil. ZSM-5 produced more carbonyls, while the yields of acids, hydrocarbons, phenols, and heavy oxygenates were not significantly changed. Bertero and Sedran (2016) reported similar findings using FCC in a bench scale integrated fixed bed pyrolysis-conversion reactor for pyrolysis of soybean shell and pine sawdust. The yield of hydrocarbons in the bio-oil was increased by four folds compared to the non-catalytic bio-oil, with a higher selectivity to hydrocarbons in the typical range of gasoline with more olefins and less aromatic. ) reported dramatic improvement in quality of catalytic bio-oil with a sodiummodified alumina. They obtained a highly deoxygenated bio-oil through insitu catalytic fast pyrolysis of biomass in a bench scale entrained flow reactor setup. Pyrolysis liquid showed a spontaneous separation into aqueous phase and organic phase (bio-oil). The undesired compounds in the bio-oil, i.e., acids, aldehydes, and sugars were completely converted and there were significant increases in the yields of phenols and ketones. The bio-oil had a very low oxygen content (16.4 wt.%), water content as low as 5.8 wt.%, a neutral pH, and a high calorific value up to 36.1 MJ/kg.
Catalyst
Overall, oxygenated compounds in bio-oil have been found to decrease in all the above-mentioned studies and undesired compounds were reduced in most cases using zeolites during in-situ catalytic biomass pyrolysis. Moreover, zeolites could generally result in significant reduction of acids which are responsible for low pH values of bio-oils. Aldehydes, contributors to poor stability of bio-oil, were also either reduced or unaffected in all the reported studies except that of Lappas et al. (2002) who claimed an increase in aldehydes content. The majority of these studies did not find any positive effects of zeolites on alcohol compounds in the biooil.
It should be noted that although all these studies (carried out at bench scale reactor systems) revealed positive effects of HZSM-5 and FCC catalysts on chemical composition of bio-oils, the improvements were not as pronounced as claimed at micro and analytical scaled studies (section 3.1.). This could be explained by the fact that most of micro and analytical scale studies were conducted with packed bed type catalyst systems and at relatively higher catalyst-to-biomass ratios. In another word, the less pronounced effect of HZSM-5 at bench scale units could be attributed to poor catalyst/vapor contact in fluidized bed type reactor systems and the lower catalyst-to-biomass ratios employed.
Ex-situ catalytic pyrolysis of biomass at bench scale
Ex-situ catalytic treatment of pyrolysis vapors over a packed bed of catalyst could address the many problems generally associated with in-situ z catalytic pyrolysis. More specifically, since the ex-situ catalytic reaction is carried out inside a separate reactor, a more appropriate catalyst/vapor contact through higher catalyst-to-biomass ratios could be achieved. A considerable number of studies have been performed on ex-situ catalytic pyrolysis of biomass at bench scale in packed zeolite-based catalyst reactor systems. A summary of the effects of zeolites on pyrolysis products and chemical composition of bio-oil during ex-situ catalytic treatment of bio-oil vapors is presented in Table 5 . As shown, all these investigations reported decreases in organic liquid yield with high levels of de-oxygenation and increases in water, gas, and coke yields. For instance, through upgrading of the fast pyrolysis vapors of olive residue in a two stage packed bed reactor using various catalysts (i.e., ZSM-5, H-Y, and natural zeolite (N-Z)), Putun et al. (2009) found reductions in oxygenated species of bio-oil. More specifically, the authors claimed that highly oxygenated polar groups and asphaltenes were dramatically decreased while alkanes and alkenes with long chains were effectively converted to lower molecular weight hydrocarbons and the amounts of aliphatics, aromatics, and olefins were increased in the bio-oil. Similar findings were also reported in a series of previous studies in which ZSM-5, Y-type zeolites, and activated alumina were found effective for deoxygenation of biooil during ex-situ upgrading of biomass vapors in packed bed reactors leading to enhanced formation of single ring aromatics and PAHs ., 2014a) . Accordingly, ZSM-5 achieved a significant deoxygenation of the bio-oil, considerably increased the aromatics and phenol, and effectively removed the oxygenated compounds (such as acids, alcohols, carbonyls and carbohydrates) from the bio-oil.
In spite of the attempts made to date, a detailed analysis of the chemical composition of bio-oil is still lacking. Nevertheless and based on the findings of the studies reported above, it could be deduced that zeolites packed bed systems are capable of efficient deoxygenation of bio-oil; enhanced formation of hydrocarbons/aromatics (i.e., the most desired compounds for fuel applications), and reduced formation of acids (i.e., the most undesired compounds in bio-oil). However, it should also be noted that packed bed reactor system is not a viable option to scale up for commercial applications due to difficulties in continuous regeneration of the catalyst compared to available commercial reactor systems, e.g., fluidized bed reactors.
Mesoporous aluminosilicates for catalytic biomass pyrolysis
Mesoporous aluminosilicates have a uniform pore structure with pore sizes much larger than those of zeolites, high surface area, and moderate acidity compared to zeolites. Mesoporous aluminosilicates have gained a considerable deal of interest over last years for catalytic pyrolysis of biomass. This has been ascribed to the possibility of better matching the size of oligomers derived from the initial thermal degradation of biomass with the pore size of the catalyst. In better words, due to their large pore size and mild acidity, mesoporous aluminosilicates are expected to perform selective cracking and deoxygenation of large molecules as of lignin derived compounds without reducing organics yields significantly and 
Effect of different metal incorporation to mesoporous aluminosilicates
Since the first synthesis of MCM-41, much work has been carried out in incorporating various elements (Ni, Al, Co, Mo, Fe, Cu) together with silicon into the framework of MCM-41 to change the physicochemical properties of the material, especially to improve the acidic characteristics (Lewandowska et al., 2002) . Al-doped MCM-41 is the most predominantly studied aluminoslilicate for catalytic biomass pyrolysis. Using a synthetic bio-oil, Samolada et al. (2000) found the catalytic activity of Al-doped MCM-41 comparable to that γ-Al2O3. More specifically, the developed catalysts retained a high liquid yield but it could not contribute to any considerable improvements to the liquid product composition. Iliopoulou et al. (2007) studied Al-MCM-41 for biomass pyrolysis vapor upgrading in a bench scale packed bed reactor and found reductions in the amounts of the undesirable compounds, such as acids and heavy compounds; and enhanced formation of desirable compounds, such as hydrocarbons and phenols. Moreover, they argued that Al-MCM-41 effectively converted high molecular weight lignocellulosic molecules into lighter fractions. The promising activity of the catalyst was attributed to its mild acidity, large surface area, and tubular mesopores. Adam et al. (2005 and reported very similar performance of various mesoporous catalysts including Al-MCM-41 during upgrading lignocellulosic biomass pyrolysis vapors in an analytical Py-GC/MS setup with packed bed catalyst. Accordingly, all mesoporous catalysts reduced the amounts of undesirable compounds in the bio-oil, e.g., carbonyl and acid, while higher contents of desirable compounds were obtained in the organic phase, e.g., hydrocarbons. They also argued that increasing the pore size of Al-MCM-41 caused water and undesirable products formation. Stephanidis et al. (2011) found catalytic effect of Al-MCM-41 somewhat similar to that of H-ZSM-5 for online upgrading of lignocellulosic biomass pyrolysis vapors in a small bench scale packed bed catalyst reactor but significantly higher coke was deposited on the catalyst. Yields of acids, esters, aldehydes, ketones, and phenols were decreased while the single ring and poly aromatics concentrations were increased significantly using Al-MCM-41. Pattiya et al. (2008 and 2010) compared ZSM-5, Al-MCM-41, and Al-MSU-F (a large pore size (>100 Å) aluminosilicate catalyst) for cassava rhizome pyrolysis vapor treatment using an analytical Py-GC/MS setup. Catalytic activities of Al-MSU-F and Al-MCM-41 were reportedly very similar to that of ZSM-5. Moreover, Al-MSU-F and Al-MCM-41 produced aromatic hydrocarbons and reduced the oxygenated lignin derivatives and phenols. Al-MSU-F produced more hydrocarbons, particularly benzene and xylenes, than Al-MCM-41. This phenomenon was attributed to the large pores of Al-MSU-F that would allow large pyrolysis molecules to enter, react, and exit the catalyst matrix. A drawback noticed with aluminosilicate was the increase in the formation of acids (Pattiya et al., 2008 and 2010) .
Independent of the Al content in the framework, the MCM-41 shows a weak acidity comparable to amorphous aluminosilicates (Ciesla and Schüth, 1999) . The presence of aluminium can improve the acidic and cracking characteristics of MCM-41 (Twaiq et al., 2003) . It is worth mentioning that Si/Al ratio of Al-MCM-41could also play an important role in the activity of the catalyst. More specifically, higher Si/Al ratios reportedly increased the organic phase of the pyrolysis bio-oil, while lower Si/Al ratios enhanced the conversion of bio-oil to gases and coke formation while also increased the yield of high value aromatic compounds (Antonakou et Moreover, only Cu-MCM-41 was successful to reduce acids and esters production, while Fe-MCM-41 and Zn-MCM-41 increased the alcohols yields. Cu-MCM-41 was also tested resulting in the highest gas production and less water production compared to the parent MCM-41.
The catalytic effects of different mesoporous aluminosilicates on yield and chemical composition of upgraded bio-oil are summarized in Table 6 . In conclusion, the performance of aluminosilicates in terms of the yields of biomass pyrolysis products would be relatively comparable to that of zeolites. More specifically, both tend to produce desirable compounds in the bio-oil and reduce the undesirable compounds in the bio-oil. However, compared to zeolites, larger pore sized aluminosilicates reduce catalyst deactivation as larger pores allow larger molecules, such as lignin-derived compounds, to enter, reform, and exit the catalyst with less chance of coke deposition.
Alkaline compounds for catalytic pyrolysis of biomass
There are more than 19 inorganic species identified in biomass (Saijonkari-Pahkala, 2001). It is well known that some of these inorganic constituents of biomass including alkali metals and alkaline earth metals could act as catalyst during thermal degradation of biomass in pyrolysis process, determining the rate of thermal decomposition and yield of char (Czernik and Bridgwater, 2004) . It has been reported that the inorganic content of biomass could accelerate the secondary cracking reactions breaking down higher molecular compounds to smaller ones (Bradbury et al., 1979) . It should be noted that since some alkaline compounds (alkali and alkaline earth metals) including potassium, sodium, calcium, and magnesium are abundant in a variety of biomass, attentions have been paid to their catalytic effects from viewpoints of chemistry and application.
Alkali metal-based catalysts for catalytic pyrolysis of biomass
Extensive research has been carried out on the effect of alkali metals on the decomposition behavior of biomass under thermal degradation which in turn could affect the conversion of biomass during pyrolysis process. It has been shown that the main alkali metals of plant origin affecting pyrolysis degradation include sodium, potassium, and magnesium (Raveendran et al., 1995; Liden et al., 1988; Czernik and Bridgwater, 2004) . For instance, NaCl present in biomass even at trace concentration of around 0.1 wt.% has been shown to impact the biomass pyrolysis product distribution (White et al., 2011) . From the mechanism point of view, these cation moieties of the salts affect the thermal decomposition of biomass during fast pyrolysis through primary fragmentation of the polymer chains (Jahirul et al., 2012). Raveendran et al. (1995) argued that the cations would exert more influence on the catalytic pyrolysis of biomass compared to their anion counterparts.
Alkali metals have been found strongly favorable for the formation of low molecular weight compounds by conversion of levoglucosan in biomass pyrolysis, Fahmi et al. (2007) found higher levoglucosan yields and the lower hydroxyacetaldehyde yields in a Py-GC/MS when alkaline metal content of biomass was decreased by washing. Liden et al. (1988) reported similar results for thermal degradation of cellulose and found that high levels of alkali metals favored fragmentation (ring scission) producing lower molecular weight compounds such as hydroxyacetaldehyde, while lower alkali metal contents favored de-polymerisation resulting in higher molecular weight compounds such as levoglucosan and β-D-fructose. Table 6 . Summary of biomass pyrolysis products yields and bio-oil composition during upgrading of pyrolysis vapors over packed bed mesoporous aluminosilicates.
It is believed that wet impregnated alkali metal could affect the primary decomposition reactions and control the nature of the biomass thermal degradation products. In line with that, Di Blasi et al. (2006, 2008, and 2009b) investigated the catalytic pyrolysis of wet impregnated alkali compounds (NaOH, KOH, Na2CO3, K2CO3, KC2H3O2, and NaCl) onto wood in a fixed-bed reactor. Accordingly, alkali compounds lowered the organics yield in the liquid phase and increased the yields of char, gases, and water. Moreover, the alkali compounds impregnation lowered the temperature of wood decomposition and time of conversion and these effects were enhanced by increasing the basicity of alkali compound (Wang et al., 2006) . In a similar work on catalytic pyrolysis of fir wood in a packed-bed reactor, higher concentrations of KOH impregnated onto the wood lowered the decomposition temperatures of the wood and increased the production of char, water, and CO2 at the expense of organics in the liquid (Di Blasi et al., 2009a) . Jensen et al. (1998) and Nowakowski et al. (2007) also observed that potassium impregnation onto wheat straw and short rotation willow coppice enhanced the yields of gaseous product of the pyrolysis, with an increase in the yields of char. Raveendran et al. (1995) also reported increase in char during pyrolysis of KCl or K2CO3 impregnated biomass samples.
The easiest and most economical way for implementation of wet impregnation of alkali metals in catalytic pyrolysis of biomass is physical mixing. It should be noted that physically mixed alkali metals are less likely to influence primary decomposition reaction of biomass pyrolysis and their catalytic activity is limited to secondary reforming of bio-oil vapors. Some successful examples are presented and discussed herein. Wang et al. (2010) studied the catalytic effect of physically mixed K2CO3 and Ca(OH)2 on pyrolysis of pine wood in a packed bed reactor. They reported that K2CO3 lowered the decomposition of hemicellulose and cellulose, reduced liquid yields, and increased the yields of gaseous and char products, while Ca(OH)2 completely removed the acids and aldehydes from the bio-oil with a significant increase in yield of alcohols without significantly affecting the yields of the other pyrolysis products. Imran et al. (2016) used physically mixed Na2CO3 for in-situ catalytic fast pyrolysis of Jatropha seed cake in a bench scale entrained flow reactor setup. In their study, a spontaneous separation of aqueous phase and organic phase (bio-oil) was observed. Moreover, the undesired compounds, i.e., acids and aldehydes, were completely removed from the bio-oil and there was a dramatic increase in the aliphatic and aromatic hydrocarbons content. They also claimed that the upgraded bio-oil had a very low oxygen and water contents (7.1 and 6.8 wt.%, respectively), a neutral pH, and a high calorific value of up to 36.7 MJ/kg. The authors attributed these considerable improvements to the synergetic effect of Na2CO3 and triglycerides content of Jatropha cake (Imran et al., 2016) .
In spite of the research works conducted on the effect of alkali metals on biomass primary decomposition, there is still a lack of systematic studies on the effect of alkali metals on the characteristics and chemical composition of the upgraded bio-oil. A summary of the catalytic effect of alkaline compounds on yields of biomass pyrolysis products and on bio-oil composition is presented in Table 7 . In conclusion, alkali metals are capable of reducing undesired compounds of bio-oil particularly acids and enhancing the formation of some types of phenols which are regarded as high value products. Moreover, alkali metals could have a clear effect on lowering the biomass thermal degradation temperature.
Alkaline earth metal-based catalysts for catalytic pyrolysis of biomass
Alkaline earth metals have been extensively studied as tar cracking catalyst in gasification and the use of these base materials could be extended to upgrading of biomass pyrolysis oils. Alkaline earth metals are found in form of minerals and can be applied directly for catalysis without chemical treatment. The advantages of these materials are that they are abundant and are inexpensive compared to synthetic catalysts. The uncalcined forms of these materials are called limestone (CaCO3), magnesium carbonate (MgCO3), and dolomite (CaCO3·MgCO3). These materials show high catalytic activities for tar elimination when calcined. Calcination is a process where bound carbon dioxide is released upon heating. Calcined forms include calcites, magnesites, and calcined dolomites. Taralas catalyst-to-biomass ratios for in-situ deoxygenation of pine wood pyrolysis vapors in a fluidized-bed reactor. They found that high catalyst-to-biomass ratios lowered the oxygen content of bio-oil while water content of the bio-oil was almost doubled. Moreover, CaO reduced the gas yields from 19% to 10% and this reduction was attributed to the absorption of CO2 on CaO forming CaCO3. While dramatic decreases were observed in the yield of some liquid phase compounds including laevoglucose, D-allose, and acidic compounds. Pütün (2010) applied MgO for catalytic pyrolysis of cotton seed in a tubular packed bed and found decreases in oil yields whereas increases in gas and char yields were recorded. However, the quality of bio-oil was improved in terms of calorific value, hydrocarbon distribution, and removal of oxygenated groups. In addition to that, they also stated that MgO removed up to 50% of oxygen, converted long chain alkanes and alkenes to lower molecular weight hydrocarbons, and increased the aliphatic and aromatic fractions of the bio-oil. Overall, research on the effect of alkaline earth metal-based catalysts on biomass pyrolysis is very limited and a lot more needs to be done to evaluate their potentials for biomass pyrolysis in general and for biofuels production in particular. Nevertheless, the preliminary studies have shown their potential for deoxygenation of bio-oil and positive indication to produce more desirable compounds in bio-oil such as alkanes and aromatics with suppressed formation of undesirable compounds such as acids. In general, alkaline earth metals lead to decreased bio-oil yields and increased water and char yields. It should be noted that the main interest in application of these mineral compounds in biomass catalytic pyrolysis lies in their abundance in nature and being inexpensive, favoring the economic aspects of biofuels production.
Catalytic fast pyrolysis of biomass at pilot and demonstration scale
Recently, a few activities have been initiated to implement catalytic fast pyrolysis at industrial demonstration scale. KiOR Inc. announced their start-up production unit in Mississippi using their biomass fluidized catalytic cracking (BFCC) process with a capacity of 500 ton/d biomass, yielding 67 gallon biooil/ton of biomass (KiOR, 2016) . It is infect a FCC-type process where catalyst is employed replacing a proportion of the heating media (sand) in a fluidized bed reactor and the coked catalyst is regenerated in a combustor. There is not much information available on the catalyst type and product quality but KiOR claimed to produce gasoline and diesel blend stocks using their catalyst through the BFCC process. Moreover, they argue that the products are comparable to their fossil-oriented counterparts. RTI International (Research Triangle Institute) has also developed such a catalytic biomass pyrolysis process with 1 ton/d biomass capacity. The pilot plant is based on a single-loop transport reactor design with continuous catalyst circulation and regeneration (Dayton et al., 2015) and has been successfully operated with a novel catalyst producing a bio-crude intermediate with 24 wt.% oxygen.
Another successful example is the novel cyclonic reactor system "PyRos" which was adopted for online in-situ catalytic pyrolysis of biomass (Brem and Bramer, 2007) . Cyclonic reactor provides the substantial advantage of a very short vapor residence time (less than half a second) over existing pyrolysis technologies, e.g., fluidized bed reactor systems, and can considerably improve the liquid yields and properties by avoiding excessive secondary cracking and contact of vapors with coke and char. The schematic presentation of the process is depicted in Figure 5 . It is also a FCC-type process that could provide a suitable solution for continuous production of bio-fuel and regeneration of coked catalyst. PyRos has also introduced a novel sodium-based alumina catalyst whose product characteristics have been reported based on a lab scale testing unit (Imran et al., 2014) . The preliminary findings showed that this catalyst could be implemented in the current pilot scale pyrolysis technologies and could be scaled up for commercial production of biofuels. A reactor concept with a mobile catalyst phase and an integrated catalyst regeneration unit seems to be a promising option for the scale up of this technology. A conceptual process flow sheet for the production of green fuels via catalytic fast pyrolysis is presented in the graphical abstract of this article that may be integrated with the existing refinery structure.
Apparently, catalyst development is key for the success of commercial production of biofuels and a breakthrough in catalyst development could be instrumental. Based on the present review, zeolites could be considered as the most extensively studied catalysts for catalytic biomass pyrolysis and hold the highest potential to tailor the bio-oil properties for biofuels application. The main problems that need to overcome with zeolites are, to avoid deep cracking and formation of gas which reduces liquid yields, to avoid deep deoxygenation that yields a polyaromatic product, and to avoid severe catalyst deactivation due to coke formation. Deep cracking and formation of gas may be controlled by manipulating the strength and concentration of acid sites in zeolites. Formation of polyaromatics may not be avoided as it arises from the low hydrogen content of biomass. From this point of view, a selective deoxygenation, which leaves behind part of the oxygen in the bio-oil may be a more attractive option. Only, the resulting mixture should be made suitable for blending with hydrocarbon fuels for further processing. Formation of coke and catalyst deactivation is not a major problem in an FCC-type pyrolysis operation, where combustion of coke deposited on the catalyst generates the energy required to run the endothermic cracking process. Up to date, research on catalytic pyrolysis of biomass has shown promising results but further studies are required to design a more dedicated catalyst to carry out selective deoxygenation of the bio-oil and to maximize yield of diesel and gasoline range hydrocarbons.
Concluding remarks and future prospects
Zeolites are capable of reducing the concentration of oxygenated compounds present in biomass pyrolysis liquid via deoxygenation reactions (such as dehydration, decarbonylation, and decarboxylation), while increasing the concentration of hydrocarbon and aromatic species. Another advantage of zeolites is decreased molecular weight of the bio-oil through cracking lignin-derived compounds. Nevertheless, there are also drawbacks associated with the application of relatively small pore sized zeolites including significant decreases in the yield of the organic phase of bio-oil caused by increased production of water and gas as well as by rapid catalyst deactivation through coke deposition. Compared to zeolites, larger pore sized aluminosilicates are less susceptible to catalyst deactivation and therefore, relatively higher organic yields could be expected. However, it should be noted that the performance of the aluminosilicates has not always been found superior to that of the conventional zeolites. In general, these mesoporous catalysts have been revealed to possess less activity compared to ZSM-5 under the same conditions. Overall and as a key point, a careful tuning of the pore size and acidity of these catalysts could improve their product selectivity.
Studies on the effects of alkaline compounds addition on the pyrolysis of lignocellulosic materials are not extensive and their catalytic effects on the characteristics of biomass pyrolysis products are yet to be systematically investigated. A detailed analysis of bio-oil characteristics is also lacking. Such information would be needed to evaluate the potentials of alkaline compounds for their implementation as catalyst for biofuels production. Nevertheless, some of their qualitative features are well evident revealing that alkali metals could result in increases in yields of char, gas, and water as well as reductions in organic liquid contents owing to enhancements in dehydration, decarboxylation, and charring reactions. Moreover, alkali metals are also effective on converting higher molecular weight compounds such as levoglucosan into lower molecular weight compounds formation. Finally, the preliminary findings have revealed the potentials of alkaline earth metals for deoxygenation of bio-oil, production of hydrocarbons, and reduction of undesired compounds in particular acids. Nevertheless, further systemic studies would be required to explore their full catalytic potential for production of biofuels.
